The electron and photon reconstruction and identification algorithms used by the D0 Collaboration at the Fermilab Tevatron collider are described. The determination of the electron energy scale and resolution is presented. Studies of the performance of the electron and photon reconstruction and identification are summarized. The results are based on measurements of Z boson decay events of Z → ee and Zγ → γℓℓ (ℓ = e, µ) collected in pp collisions at a center-of-mass energy of 1.96 TeV using an integrated luminosity of up to 10 fb −1 .
D0 detector 16
The D0 detector is described elsewhere [1] . The components most relevant pling calorimeter. The CPS is located immediately before the inner layer of 22 the calorimeter and is formed of one radiation length of absorber followed by 23 three layers of scintillating strips. The D0 coordinate system is right-handed.
24
The z-axis points in the direction of the Tevatron proton beam, and the y- 
Data and Monte Carlo samples

40
Data and Monte Carlo (MC) simulated events have been used to study 41 reconstruction and identification efficiencies, to measure the energy scale and 42 resolution, and to derive correction factors to compensate for any residual 43 mismodelling of data. The electron candidates are selected from Z → ee 44 data and MC using the "tag-and-probe method" as described in Sect. 7.1.
45
The photon candidates are selected from diphoton MC and Z → γℓℓ (ℓ = 46 e, µ) data, where the photons are radiated from charged leptons in Z boson decays by requiring the dilepton invariant mass to be less than 82 GeV while 48 the three-body mass of dilepton and photon M ℓℓγ is required to be 82 < as photons, the γ + jet component containing a real photon is removed from 61 the dijet sample by requiring that the EM cluster has a shower isolation 62 fraction (see Sect. 4.1) of 0.07 < f iso < 0.15.
63
The data used in physics analyses were collected by the D0 detector during 
66
The Z → ee signal samples are generated using the alpgen generator [5] 67 interfaced to pythia [6] for parton showering and hadronization. The sim-68 ulated transverse momentum p T distribution of the Z boson is weighted to 69 match the distribution observed in data [7] . Diphoton and Z → γℓℓ (ℓ = e, µ)
70
signal events, and dijet background samples are generated using pythia [6] .
71
All MC samples used here are generated using the CTEQ6L1 [8] cell with the highest energy content in the EM3 layer.
101
To be selected as an EM candidate, EM clusters must satisfy the following 102 set of criteria:
103
• The cluster transverse energy must be E T > 1.5 GeV.
104
• The fraction of energy in the EM layers is
where E EM is the cluster energy in the EM layers, and E tot is the total 106 energy of the cluster in all layers within the cone. At least 90% of the 107 energy is deposited in the EM layers of the calorimeter.
108
• The isolation fraction is the ratio of the energy in an isolation cone 109 surrounding an EM cluster to the energy of the EM cluster,
where E tot (R < 0.4) is the total energy within a cone of radius R = 0. 
where E 
where E i cell and η i are the energy and pseudorapidity of cell i.
167
H-matrix technique. The shower shape of an electron or a photon is distinct in the calorimeter cells are taken into account to obtain the best discrimina-tion against hadrons, using a covariance matrix ("H-matrix") technique [10] .
173
A covariance matrix is formed from a set of eight well-modeled variables 174 describing shower shapes:
175
• The longitudinal development is described by the fractions of shower 176 energy in the four EM layers (EM1, EM2, EM3, EM4).
177
• To characterize the lateral development of the shower, we consider the which is the layer with the finest granularity.
180
• To parameterize the energy and longitudinal parameter dependence of 181 the matrix, the logarithm of the total shower energy and the coordinate 182 of the pp collision vertex along the beam axis are included.
183
In the EC the matrix is of dimension 8 counted. The discriminant D hor is defined by
where P e and P γ are the probabilities in the bin of N hits , given by
where N 
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Figure 2: Normalized distributions of EM object identification variables as defined in Sect. 4.2 for Z → ee data and MC events, and for diphoton and dijet MC events in the CC. Presented are (a) the EM energy fraction, (b) the EM shower isolation, (c) the width of the EM shower in the transverse plane, (d) the track isolation, (e) the track matching probability, and (f) the hits on road discriminant. The first bin of the track matching probability distribution indicates no track match. 
Figure 3: Normalized distributions of EM object identification variables as defined in Sect. 4.2 for Z → ee data and MC events, and for diphoton and dijet MC events in the EC. Presented are (a) the EM energy fraction, (b) the EM shower isolation, (c) the width of the EM shower in the transverse plane, (d) the width of the EM shower in the pseudorapidity direction, (e) the track isolation, and (f) the track matching probability. The first bin of the track matching probability distribution indicates no track match. • cluster-track matching probability χ 2 spatial ;
279
• track isolation variable Σp trk T .
280
The distributions of these eight variables are normalized to unit area to 281 generate probability distributions for each variable. These distributions are 282 used to assign a probability for a given EM object to be signal or background.
283
To quantify the degree of correlation between the input variables, we calculate 284 the correlation coefficients. We find that most of the combinations have 285 correlation coefficients close to zero and hence are mutually uncorrelated.
286
Others do not exceed 55% for signal or fake electrons. We form the product of 287 individual probabilities from all variables which is correlated with the overall 288 probability for the EM object to be an electron. To differentiate between 289 signal-like and background-like electron candidates, a likelihood discriminant 290 is calculated:
where P sig and P bkg are the overall probabilities for signal and background, to separate between genuine electrons, which peak at large values of the 295 discriminant, and jets, which peak at low values. 
310
• number of CPS clusters within R < 0.1 of the EM cluster (N cps );
311
• width of the energy deposit in the CPS: 
319
For the construction of the NN for electrons in the CC, the seven variables 320 above are used as inputs (eNN7). Here, Z → ee data events define the signal,
321
and dijet data events define the background. Performance checks have been 322 performed using Z → ee and dijet MC events.
323
The NN for CC photons (γNN5) is built from the same variables as eNN7 (ℓ = e, µ) events in data and MC events, and dijet MC events are used.
329
A photon NN (γNN4) is built with four input variables as listed in Table 1 330 for the EC region. Considering the similar performance of the input variables that were used to test γNN5 were used to test γNN4. 
340
To validate the photon NNs for jets, dijet data events in the jet-enriched 341 calorimeter isolation region 0.07 < f iso < 0.15 are compared to MC simula-342 tion. As shown in Fig. 7 , good agreement between data and MC is observed.
343
Input variables eNN7 in CC γNN5 in CC γNN4 in EC 
Boosted Decision Trees for electron identification
344
To enhance the efficiency and purity in electron identification, a BDT is • EM shower isolation f iso ;
350
• energy fraction in EM1, EM2, EM3, EM4 and FH1; 
355
• cluster-track matching probability χ 2 spatial ;
356
• "hits on road" discriminant D hor in CC;
357
• ratio E T /p T ;
358
• number of hits from CFT fibers N CFT ;
359
• number of hits from SMT strips N SMT ;
360
• ratio N CFT /N SMT ;
361
• number of hits in first layer of SMT;
362
• number of charged particle tracks with p T > 0.5 GeV originating from 363 the pp collision vertex within R < 0.05 of the EM cluster;
364
• electron likelihood discriminant L;
365
• output distribution of eNN7 in CC;
366
• output distribution of γNN4 in EC;
367
• width of the energy deposit in the CPS σ For the training of the BDT Z → ee and dijet data are used. 
408
The energy response is degraded near the module φ boundaries for the 409 EM layers of the CC. In addition to a degradation of energy response, the 410 centroid position of the EM cluster is shifted. To study these effects, the 411 following variable is defined:
where φ EM is the azimuthal angle of the EM cluster. For track-matched elec- Electrons in or close to module boundaries suffer significant energy losses.
422
To correct for such energy loss, the φ mod dependent energy scale corrections The energy resolution of the calorimeter as a function of the electron/photon 451 energy, E, can be written as
with C EM , S EM and N EM as the constant, sampling and noise terms respec- is derived by a fit to the measured width of the Z → ee peak [14] .
466
The electron and photon energy resolution predicted by the geant-467 based [9] simulation of the D0 detector is better than observed in data.
468
Furthermore, there are non-Gaussian tails in the resolution distribution that 2σ 2 ), for
Here, the σ parameter determines the width of the Gaussian core part of the energy is scaled by 1+x, where x is sampled from the probability distribution 481 function according to Eq. 13.
482
To determine the parameters of Eq. 13, a fit is performed by varying value of n = 7 is found to be appropriate.
487
The parameters are fitted separately for the following three categories of CC in-fiducial clusters are defined as |η| < 1.1 and 0.1 < φ mod < 0.9.
491
The parameters are fitted using events in which both electrons are CC that have an invariant mass close to the Z boson mass peak. To obtain an improved simulation, differences between the efficiencies measured in data 511 and MC simulation are used to derive correction factors to be applied to MC 512 events taking into account kinematic dependences. To measure the efficiencies, a "tag-and-probe method" is used. In Z → ee 515 decays, a E T > 30 GeV electron candidate in CC fiducial is selected as the 516 "tag" with passing the following requirements:
522
• eNN7 > 0.7.
523
The "probe" -used to perform the measurement of the identification effi- probe is an EM cluster, M tp is required to be greater than 80 GeV but less 527 than 100 GeV. The energy resolution for high-p T tracks is worse, and the M tp 528 is required to be greater than 70 GeV but less than 110 GeV. If the probe 529 passes the tag selection criteria, it will also be used as a tag, resulting in the 530 event being counted twice. To avoid bias, the same tag-and-probe method is 531 used for both Z → ee data and MC events.
532
To remove the residual background from jet production in data events, a 533 template fit is applied to the M tp distributions. The signal shape is obtained 534 from Z → ee MC simulation, and the background shape is derived from 535 dijet data. To take into account dependencies on the electron position in the 536 detector, the template fit is performed in various η and φ regions. . Z → ee data is compared to the MC prediction, and the ratio data/MC is presented.
and "tight". Table 2 lists the specific requirements of these two operating 573 points.
574
The tag-and-probe method described in Sect. 7.1 is used here with the 575 exception that now the probe electron is required to fulfill the preselection 576 criteria. The identification efficiencies are measured in η − φ phase space.
577
The resulting efficiencies for electrons in data and MC events and the ratio of length not taken into account in simulation.
585
To account for deficiencies of the simulation, the simulation is corrected 
620
• Output of γNN5 > 0.1.
621
In addition the following requirements are placed on track-based variables:
622
• χ 2 spatial = −1;
623
• D hor < 0.9.
624
The measured identification efficiencies using the non track-based vari- photon vertex (z point ) is obtained using the procedure described above. The 675 distribution of events for ∆z = z true − z point is shown in Fig. 15 .
676
The resolution in MC simulation is a factor of 1.4 − 1.5 better than in 677 data events. To calibrate the pointing resolution, a smearing procedure as Single electrons are triggered with an efficiency ≈100% for transverse
